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Final  Technical  Report  for  activity  under  AFOSR  Grant  #  87-0148 


A.  Electron  Scattering  Rates  in  CoSi-> 

Electrical  conduction  in  thin  CoSi^  films  grown  on  Si(lll)  wafers  has  been  demon¬ 
strated  [Hensel  et  al.  (1985),  Badoz  et  al.,  (1987)]  to  exhibit  a  remarkable  degree  of 
specular  scattering  of  the  conduction  electrons  from  the  surfaces  of  the  silicide  film.  The 
interface  between  the  CoS  12  layer  and  the  silicon  substrate  is  almost  atomically  smooth 
due  to  the  close  lattice  match  between  the  two  materials  [Gibson  et  al.  (1982)].  As  a  con¬ 
sequence,  although  the  electron  mean  free  path  is  on  the  order  of  ~  500A,  the  resistivity  of 
the  thin  films  does  not  show  an  increase  until  the  thickness  is  decreased  below  150A.  In 
addition,  the  CoSi2  films  exhibit  a  superconducting  transition  temperature  on  the  order 
of  1.2K  [Badoz  et  al.,  (1987)],  with  the  transition  temperature  being  suppressed  roughly 
as  the  resistivity  increases.  This  suppression  occurs  for  film  resistivities  of  ~  SOfl/D  rather 
than  the  critical  resistance  for  the  metal  insulator  transition  4000n/D  [Anderson,  (1958), 
Mott  and  Davis,  (1979)]. 

Following  the  earlier  results  [Hensel  et  al.  (1985)],  the  resistance  increase  observed 
with  decreasing  film  thickness  has  been  attributed  to  a  quantum  size  effect,  which  is  due 
to  the  discreteness  of  the  momentum  eigenstates  in  the  direction  perpendicular  to  the  film. 
[Trivedi  and  Ashcroft,  (1988)] 

Our  interest  in  this  material  system  was  captured  by  the  high  degree  of  specularity 
exhibited  by  it.  However,  it  was  evident  that  the  measurements  of  the  resistivity  of  the 
films  was  insufficient  to  specify  the  nature  of  the  scatterers  and  the  validity  of  whether  the 
films  were  indeed  exhibiting  quantum  size  effects  in  their  resistivity.  There  had  also  been  no 
attempt  to  link  the  suppression  of  superconductivity  and  the  increase  in  resistivity,  despite 
the  parallels  in  their  signatures.  Consequently,  we  have  undertaken  a  comprehensive  survey 
of  the  magnetoresist2mce  of  these  semiples  to  identify  the  nature  and  relative  importance 
of  the  scatterers  responsible  for  their  transport  signature. 

By  using  high  sensitivity  resistance  measuring  techniques  (with  a  resolution  of  better 
than  1  part  in  10®),  we  were  able  to  discern  a  resistivity  minimum  at  a  few  Kelvin  for  all 
the  films  with  thickness  less  than  120A.  The  zero  field  resistivity  of  these  films  appears  to 
fall  on  the  usual  localization  type  of  relation 

AR/Rq  =  -R^^cdog{T/To) 
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with  a  coeflUcient  a  that  appears  to  be  ~  1.  Temperature  sweeps  at  all  fields  up  to  4T, 
reveal  that  this  behavior  is  replicated  with  no  additional  field  dependence.  Our  data  is 
shown  in  figure  1. 


O 


7  0.2  0.5  1  2 

Temperature  (Kelvin) 


Figure  1.  The  temperature  dependence  of  the  resistance,  ^  6.4nm 

film  in  fields  of  O.O(o),  0.1(+),  0.5(x),  and  4.0T(A).  A  clear  logarithmic  dependence  is 
seen  with  the  coefficient  showing  no  field  dependence.  The  line  is  the  theory  (eq.l)  for 
OtT  =  1.0. 
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Field  (Gauss) 


Figure  2.  The  resistance  change  of  the  same  64A  film  in  figure  1  vs.  magnetic  field 
at  several  temperatures,  ranging  from  20K  (lowest  data)  to  1.3K  (highest  data).  The  lines 
drawn  through  the  data  are  from  fits  to  the  theory  (see  text).  Here  R  is  the  zero  field 
resistance  at  any  given  temperature. 

The  appearance  of  a  positive  magnetoresistance  at  low  fields  implies  that  the  domi¬ 
nant  scattering  rates  are  either  spin-  orbit  or  electron  interaction.  The  magnitude  of  the 
magnetoresistance  is  temperature  dependent  saturating  for  temperatures  below  ~  \.2K. 
Using  diffusion  constants  for  these  films  as  determined  from  the  depression  of  the  transition 
temperature  (or  in  the  case  of  the  thinnest  films  which  did  not  exhibit  a  superconduct¬ 
ing  transition,  their  free  electron  value),  the  magnetoresistance  cxirves  could  be  fit  with 
only  one  parameter,  the  phase  breaking  scattering  rate.  The  data  are  shown  in  figure  2, 
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together  with  the  fits  obtained  from  the  theoretical  fitting  procedure  of  Altshuler  ti  d. 
(1987). 

These  results  reveal  for  the  first  time  that  there  is  a  substantial  temperature  indepen¬ 
dent  scattering  rate  as  shown  in  figure  3,  and  that  this  rate  is  larger  for  the  thin  films, 
indicating  the  presence  of  magnetic  scattering  in  these  films.  While  such  magnetic  scatter¬ 
ing  is  clearly  important  in  the  suppression  of  the  superconducting  transition  temperature 
Its  magnitude  is  not  large  enough  to  produce  the  degree  of  suppression  of  the  transition 
temperature  as  observed  in  our  thin  films.  However,  the  magnitude  of  suppression  of  Tc  is 
rather  similar  to  that  observed  by  Badoz  tt  d.  (1987). 


o 


TEMPERATURE  (KELVIN) 


Figure  3.  The  phase  breaking  rate  vs.  temperature  for  films  of  thickness  120A  (boxes) , 
84 A  (open  circles),  64 A  (triangles),  and  39 A  (stars).  The  lines  are  fits  to  the  form  AT  + 
BT^  +  C. 
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To  summarize,  our  measurements  have  revealed  the  presence  of  additional  magnetic 
scatterers  in  thin  CoSi2  films,  whose  number  increases  with  the  decrease  in  film  thickness. 
It  is  probable  that  there  is  unreacted  Cobalt  present  in  these  films  (as  alluded  to  in  Badoz  et 
al.,  1987).  The  presence  of  these  scattering  sites  will  certainly  play  a  role  in  the  suppression 
of  superconductivity. 


B.  Size  Effects  in  Thin  Free  Standine  and  Supported  Films 


We  have  fabricated  films  and  wires  with  dimensions  small  enough  to  restrict  the 
excitation  of  thermal  phonons  below  4K  in  order  to  expose  finite  size  effects  due  to  the 
reduction  of  the  dimensionality  of  phonons.  To  date,  the  films  that  we  have  studied  have 
been  made  from  aluminum.  However,  there  is  no  intrinsic  restriction  on  the  material  usable 
in  this  process. 


FABRICATION  QF  FREE-STANDING  STRUCTURES 
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Figure  4.  Schematic  of 
the  fabrication  process  used 
to  produce  free  standing  struc¬ 
tures. 
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The  process  we  have  developed  is  illustrated  schematically  in  figure  4.  Some  of  the 
techniques  used  are  well  established  methods  of  sample  fabrication  for  quamtum  transport 
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studies  [Prober,  (1983)].  The  starting  material  is  a  standard  <  100  >  silicon  wafer  with 
silicon  nitride  (513^4)  deposited  on  both  sides  by  low  pressure  chemical  vapor  deposition. 

1.  The  silicon  nitride  membrane  is  made  by  patterning  the  nitride  film  on  reverse  side 
with  photolithography  and  reactive  ion  etching,  followed  by  wet  etching  in  KOH  solution. 

2.  Two  layers  of  electron  beam  resist  ((PMMA)  polymers  on  top  of  P(MMA-MAA) 
copolymers)  [Hu  et  ai.,  (1981);  Hatzakis,  (1979)]  are  spun  on  the  membrane.  For  larger 
features,  simple  photolithography  using  commercial  photoresist  is  used. 

3.  Electron  beam  lithography  (exposure  and  development)  defines  the  structure  shape 
and  size.  If  photolithography  is  used,  this  step  is  performed  through  an  exposure  by  UV 
aligner  followed  by  development. 

4.  Metal  deposition  by  thermal  or  electron  beaun  evaporation. 

5.  Lift-off  resist  by  appropriate  solutions.  Well-defined  metal  structures  zu'e  left  on 
membrane. 

6.  Reactive  ion  etching  (RIE)  from  below  removes  the  membrane,  leaving  free-standing 
metal  structures. 

The  first  feature  to  note  is  that  the  process  is  independent  of  sample  geometry.  Any 
structure  (from  thin  wires  to  wide  films)  which  can  be  patterned  onto  the  nitride  window 
area  can  be  made  free-standing.  The  nitride  window  can  be  as  large  as  (250/im)^.  We 
have  successfully  made  free-standing  13  nm  thick  aluminum  films  up  to  150^m  wide  and 
100  nm  long,  and  also  50  nm  thin  wires  up  to  lOO^m  long.  The  process  is  also  material 
independent.  Any  metal  film  strong  enough  to  support  its  own  weight  can  be  used.  The 
use  of  a  controlled  precisely  timed  RIE  from  below  means  that  the  sample  films  and  wires 
suffer  minimal  damage.  So  far  we  have  fabricated  samples  from  aluminum,  gold  and  copper 
with  success,  and  many  other  metals  should  be  possible.  Our  flexibility  in  sample  geometry 
and  material  are  in  direct  contrast  to  those  of  other  experimenters  [Smith  et  ai.,  (1986, 
1987)  and  Butenko  et  ai.,  (1988)}. 

For  a  simple  metal  such  as  aluminum,  the  results  are  very  reproducible  and  the  yield 
is  usually  better  than  90%.  All  steps  of  the  process  -  lithography,  wet  aind  dry  etching, 
metal  deposition,  and  so  on,  employ  standard  microfabrication  techniques  using  equipment 
available  at  the  National  Nanofabrication  Feicility.  Starting  from  a  clean  wafer  coated 
with  silicon  nitride,  it  takes  about  2-3  days  to  produce  free-standing  samples  ready  for 
measurement.  Each  wafer  can  conafortably  accommodate  more  than  120  sample  chips. 
This  allows  us  to  easily  make  samples  with  wide  ratiige  of  geometric  parameters  and  with 
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many  different  materials,  in  enough  quantities  so  that  the  10%  of  saimples  lost  to  accidents, 
mishandling  and  general  quality  control  are  inconsequential. 


Figure  5.  Schematic  (top)  and  reproduction  of  micrograph  (bottom),  of  2D  free  stand¬ 
ing  microstructure  with  contiguous  supported  section.  The  finger  like  projections  are  me¬ 
chanical  supports  for  the  free  standing  part  of  the  current  path.  The  line  width  is  ~  Sfim. 

Figure  5  shows  a  micrograph  and  a  schematic  of  a  typical  sample.  The  pads,  leads, 
and  sample  area  consist  of  one  continuous  film  of  uniform  materiad.  Note  th?t  each  sample 


chip  has  i^,atical  sections  on  the  bulk  substrate  and  in  the  free-standing  region.  The 
sample  strip  is  made  into  a  meander  path  to  maximize  resistance  for  more  sensitive  mag¬ 
netoresistance  measurements.  Each  sample  chip  is  mounted  on  a  TO-5  header  and  a  wire 
bonder  is  used  to  connect  the  header  pins  and  sample  pads.  Figure  6  gives  some  close  up 
views  of  free-standing  gold  wires  (200  nm  wide,  50  nm  thick,  50/im  long). 


Figure  6.  Electron  micrograph  of  2000A  wide  xSOOA  thick  xSO/im  long  free  standing 
gold  microstructures.  Wires  with  widths  down  to  500A  can  be  reproducibly  fabricated. 
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Figure  7.  Typical  Resistance  vs  Temperature  data  for  free  standing  and  supported 
2D  aluminum  microstructures  obtained  in  our  preliminary  studies. 

Preliminary  Results  on  Tramsport  in  Free  Standing  Films: 

i)  Shifts  in  Tc  '  Figure  7  shows  typical  data  from  some  preliminary  measurements 
obtained  in  the  dilution  refrigerator  at  the  Microkelvin  lab  at  Cornell.  The  samples  were 
25  nm  thick  A1  films  of  5/im  width.  All  data  showed  clear  differences  in  Te  between  free¬ 
standing  films  (cross)  and  those  on  the  bulk  substrate  (diamond).  We  have  found  that 
the  transition  temperature  of  the  free  standing  segment  is  consistently  reduced  by  30  to 
50mK  below  that  of  the  corresponding  supported  segment.  It  is  well  known  that  many 
factors  can  cause  changes  in  Te  in  thin  metal  films  [Overcash  tt  al.  (1983)].  By  varying  the 
thickness  of  the  film,  we  observed  that  the  overall  transition  temperature  of  both  samples 
increased  with  decreasing  film  thickness.  However,  the  relative  depression  of  Te  in  the  free 
standing  section  was  preserved.  The  most  likely  reason  for  such  a  depression  is  stress  in 
the  free-standing  section  induced  by  the  differences  in  the  thermal  expansion  coefl^cients  of 
the  aluminum  and  the  silicon  nitride  substrate.  Overcash  tt  al.  (1983)  induced  more  than 
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50mK  changes  of  Tc  by  stressing  thin  aluminum  whiskers.  Stress  can  therefore  account  for 
our  observed  shifts  in  Tc.  .  However,  it  was  also  possible  that  the  differences  may  have  been 
induced  by  etch  damage  in  removal  of  the  substrate.  (Such  induced  disorder  is  known  to 
raise  Tc  in  aluminum,  contrzuy  to  our  observed  trend). 

Consequently,  we  elected  to  characterize  the  effects  of  the  RIE  before  continuing  with 
this  investigation  [Kwong  et  al.  (1989)].  Of  course,  changes  in  phonon  population  and 
density  of  states  are  also  expected  to  inSuence  Tc  .  But  these  effects  cannot  be  isolated  by 
simply  measuring  Tg  . 

ii)  Fabrication  Artifacts:  The  shifts  in  Tg  and  inelastic  rates  of  the  free-standing 
relative  to  supported  structures  could  have  been  linked  to  process  artifacts.  In  making 
the  microstructure  free-  standing,  reactive-ion  etching  (RIE)  is  used  to  remove  the  SisN^ 
membrane  support.  Once  the  membrane  is  broken  through  by  the  plasma,  the  plasma 
comes  into  contact  with  the  metal  structure.  Clearly,  this  is  the  most  invasive  part  of  the 
fabrication  process. 

We  have  directly  addressed  the  issue  of  RIEl-induced  damage  amd  its  consequence  on 
low-temperature  transport.  Specifically,  low  frequency  resistance  and  magnetoresistemce 
measurements  were  performed  for  2D  Al  microstructures  (on  bulk  substrates)  which  were 
purposely  exposed  to  the  identical  RIE  environment  used  to  fabricate  free-standing  sam¬ 
ples.  Etching  times  were  chosen  to  simulate  reasonable  RIE/microstructure  interaction 
times  during  the  preparation  of  free-standing  structures.  This  study  permitted  us  to  iso¬ 
late  the  effects  of  the  etching  step  and  to  assess  RIE  processing  artifacts  which  may  result 
when  fabricating  free-standing  microstructures. 
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Figure  8.  Typical  magnetoresistance  data  obtained  in  our  etching  damage  study.  The 
solid  lines  are  fits  to  the  theory.  Fits  yield  the  scattering  rates. 

The  resistance  ratio  and  electron  diffusion  constant  of  the  etched  and  unetched  samples 
were  found  to  be  identical.  The  Tc  of  the  etched  szunple  was  seen  to  be  enhanced  by  ~  30 
mK,  contrary  to  the  observations  on  the  free-standing  films.  The  magnetoresistance  data 
was  fitted  to  yield  inelastic  scattering  rates  between  temperatures  of  1.4  to  4  K.  Figure  8 
shows  typical  magnetoresistance  data  and  the  corresponding  fits  produced  by  the  analysis 
at  various  temperature. 

The  result  of  this  analysis,  (Figure  9),  indicates  that  there  is  no  additional  increase 
in  the  scattering  rate  due  to  the  RIE,  though  a  small  constant  increase  in  the  inelastic 
scattering  rate  was  produced  upon  oxygen  descum.  Most  significantly,  both  etched  and 
unetched  samples  exhibit  precisely  the  same  temperature  dependence  of  the  scattering 
rate,  which  is  crucial  to  establishing  the  non-invasive  nature  of  this  process.  Similar 
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magnetoresistaince  measurements  have  been  carried  out  on  free>standing  samples,  and  these 
preliminary  results  are  dealt  with  in  the  next  paragraph. 


o 


Figure  9.  Inelastic  scattering  rate  obtained  from  data  similar  to  that  of  fig\ire  8,  in 
our  etch  damage  studies.  Note  that  the  etched  and  unetched  samples  can  be  fit  to  the 
same  power  law. 


iii)  Inelastic  Rates  Differences;  Preliminary  measurements  were  carried  out  on  free¬ 
standing  and  supported  aluminum  samples  patterned  using  the  same  photo-mask  as  the 
etching  studies  described  above.  The  samples  were  250A  thick  x  5nm  wide,  and  spanned 
a  temperature  range  between  1.4K  and  2.5K.  We  have  fitted  the  magnetoresistance  data 
to  the  theory  of  superconducting  fiuctuations  and  weak  localization.  The  results  for  the 
supported  segment  closely  replicate  those  of  the  unetched  sample  discussed  above.  As 
expected,  there  is  a  clear  increase  in  the  inelastic  scattering  rate  due  to  the  superconducting 
fluctuations  close  to  Te  .  However,  the  free-standing  section  (which  has  a  lower  Te  )  shows 


14 


a  minimum  in  the  scattering  rate  at  a  higher  temperature  than  that  of  the  supported 
segment,  contrary  to  theoretical  predictions. 

The  data  collected  thus  far  do  not  span  a  sufficient  range  of  temperature  to  allow  a 
meaningful  comparison  of  the  temperature  dependences  between  the  supported  and  free¬ 
standing  sections, aind  is  being  extended  to  higher  temperatures  on  new  samples.  These 
have  a  longer  meander  path  and  a  correspondingly  higher  resistance.  In  our  preliminary 
studies  we  found  that  the  magnetoresistance  becaune  too  small  to  measure  at  our  low 
excitation  levels.  If  the  bridge  excitation  was  increased,  the  transition  temperature  W2is 
found  to  increase  indicating  self  heating.  The  longer  samples  have  a  higher  resistance  which 
produces  a  larger  voltage  for  a  given  current.  Small  “buttresses”  can  be  seen  supporting 
the  meander  in  figure  5.  These  serve  as  mechanical  as  well  as  thermal  anchors  for  the  film. 

iv)  Proximity  Effect  and  Charge  Imbalance  Experiments:  In  the  course  of  a  prelim¬ 
inary  experiment  to  examine  the  transition  temperature  of  free-standing  aluminum  films 
for  dimensional  crossover  effects,  we  observed  a  marked  increase  in  the  apparent  resistance 
of  the  free-standing  film  at  the  onset  of  superconductivity. 

The  details  of  the  experimental  geometry  (figure  5)  are  important  in  understanding 
the  origin  of  this  effect.  A  film  of  aluminum  was  deposited  on  a  silicon  nitride  wafer 
which  subsequently  had  the  substrate  removed  from  a  small  “window”  section,  leaving  a 
portion  of  the  film  free-standing  (Kwong  et  al.,  1989).  Voltage  leads,  fabricated  at  the 
same  time  from  aluminum  identical  to  the  film  under  study  were  located  across  a  section 
of  the  supported  film.  Voltage  leads  for  the  free-stiuiding  section  were  also  fabricated 
simultaneously  and  were  either  free-standing  (as  shown  in  figure  5)  or  in  close  proximity 
to  the  window  on  the  substrate.  These  voltage  leads  monitored  the  supported  and  free¬ 
standing  sections  respectively.  (Note  that  the  position  of  the  voltage  leads  in  the  figure 
corresponds  to  the  situation  where  there  is  no  increase  in  the  resistance). 

Because  of  differential  stresses,  the  transition  temperature  of  the  free-standing  film 
section  was  found  to  be  depressed  by  ~  30mK  compared  to  the  supported  film  sections.  We 
found  that  the  resistive  transitions  of  the  free-standing  and  supported  film  sections  (circles 
and  triangles  respectively;  see  figure  10)  in  this  configuration  showed  neuly  identical 
widths,  but  if  the  voltage  leads  were  supported,  the  resistance  of  the  free-standing  section 
showed  a  »  10%  increase  at  the  onset  of  superconductivity  in  the  supported  section  (figure 
10).  When  the  voltage  leads  for  the  free-standing  section  were  fabricated  so  as  to  be  free¬ 
standing  as  well  (figure  5),  the  resistance  of  both  sections  monotonically  decreased  near 
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the  trainsition  (figure  10).  Furthermore,  in  the  first  configuration,  when  an  overlayer  of 
chromium  was  applied  to  the  voltage  probe,  the  resistive  transition  did  not  show  the 
anomalous  rise. 
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Figure  10a.  The  normalized  resistance  of  free-standing  (o)  and  supported  (A)  films  of 
aluminiun  with  the  voltage  leads  located  on  a  substrate  in  close-proximity  to  the  Vindow” 
in  the  nitride  layer. 
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Figure  10b.  The  normalized  resistance  of  free-standing  (o)  and  supported  (A)  films  of 
aluminum  with  the  voltage  leads  also  free-standing.  Note  the  absence  of  the  anomalous 
resistance  increase  for  the  free  standing  film. 
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Voltage  Probes 


Figure  11.  Schematic  of  the  potentials  near  a  free  standing  film  with  the  Te  of  the  free¬ 
standing  segment  being  lower  than  that  of  the  supported  segment.  The  dashed  line  rep¬ 
resents  the  potential  for  both  segments  in  the  normal  state.  The  superconducting  and 
normal  potentials  are  pinned  at  a  distance  corresponding  to  the  quasiparticle  lifetime  from 
the  jimction.  Superconducting  voltage  probes  located  at  the  large  arrows  sample  the  su¬ 
perconducting  potential  which  is  greater  than  that  of  the  normal  value.  Normal  electrodes 
located  at  the  same  point  would  register  a  small  decrease  in  the  potential. 


This  resistance  increase  is  likely  the  consequence  of  non-equilibrium  phenomena  that 
exist  at  a  superconducting-normal  interface.  To  understand  the  elfect  we  should  refer 
to  the  potentials  rather  than  the  resistance.  The  nature  of  the  voltage  leads  (whether 
the  probes  are  normal  or  superconducting)  determines  which  potential  is  sampled  in  the 
non-equilibrium  region.  Basically,  close  to  Tc,  the  quasiparticles  from  the  normal  region 
are  injected  into  the  superconductor  where  they  decay  over  a  length  scale  corresponding 
to  the  quasiparticle  lifetime.  A  normal  voltage  probe  in  the  superconductor  would  sam¬ 
ple  the  quasiparticle  potential  within  this  length  scale.  At  a  distance  from  the  junction 
corresponding  to  the  quasiparticle  lifetime,  the  quasiparticles  relax  to  their  equilibrium 
distribution  and  consequently  the  quasiparticle  2md  superconducting  potentials  are  pinned 
to  one  another.  Since  the  pair  potential  cannot  vary  within  the  superconductor,  super¬ 
conducting  probes  would  sample  this  value  anywhere  in  the  non-equilibrium  region.  Thus 
superconducting  voltage  probes  placed  as  shown  in  the  schematic  figure  (11)  would  mea¬ 
sure  a  potential  higher  than  that  of  the  normal  state  (shown  as  the  dashed  line).  On  the 
other  hand,  normal  probes  placed  inside  the  free  stauiding  region  would  measure  a  poten¬ 
tial  slightly  lower  than  that  of  the  normal  state.  Finally,  if  the  superconducting  electrodes 
have  an  overlayer  of  chromium,  then  the  superconductivity  in  the  electrodes  would  be 
suppressed,  causing  the  probes  to  measure  the  quasiparticle  potential.  Thus  we  have  a 
simple  qualitative  explamation  for  our  observation. 

C.  Energy  Transport  in  Highly  Disordered  Conductors 

This  work  was  undertaken  [Germain,  (1989)]  in  order  to  obtain  insight  into  phenom¬ 
ena  affecting  transport  when  the  medium  is  disordered  to  the  extent  that  the  elastic  mean 
free  path  is  considerably  shorter  thsui  the  thermal  phonon  wavelength.  Once  again,  the 
technique  used  to  extract  the  scattering  rates  was  to  probe  the  electron-phonon  interaction. 
However,  instead  of  measuring  and  interpreting  the  magnetoresistance  alone,  a  technique 
was  devised  to  heat  the  electrons  via  an  AC  electric  field  applied  at  a  frequency  u>,  and 
measure  the  response  in  the  resistance  at  a  frequency  So;.  This  technique  madces  use  of  the 
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fact  that  in  a  highly  disordered  material,  the  resistivity  increases  at  low  temperatures  as 
the  log  of  T. 

The  samples  were  fabricated  at  NNF,  and  consisted  of  ion  implanted  Arsenic  in  Silicon. 
The  doses  were  varied  between  2.5  x  10^'*  to  10^®/cm^.  By  measuring  the  extent  of  the 
electron  heating  as  a  function  of  the  electric  field,  the  boundary  resistance  between  the 
electrons  and  the  phonon  system  could  be  measured.  This  is  shown  in  figure  12  for  three 
different  samples.  Using  this  data,  the  electron  -  phonon  time  constant  could  be  determined 
using  reasonable  estimates  for  the  electron  area  density  and  heat  capacity.  The  electron 
phonon  time  constant  could  be  calculated  and  showed  a  temperature  dependence  of  rT"®  '*. 
This  exponent  is  smaller  than  that  expected  for  the  dirty  limit  (T""*),  but  the  discrepancy 
is  attributable  to  the  effects  of  disorder  which  are  not  introduced  into  existing  theories 
[Pippard  (1955),  Rammer  and  Schmid,  (1986)]. 


T  (K) 

Figure  12.  The  thermal  resistance  extritcted  from  the  Su  response  data  is  plotted 
against  the  temperat\ire.  The  data  are  expressed  as  boundary  resistances,  Rthx  Area.  All 
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three  samples  display  thermal  resistances  that  vau-y  as  Rid  ~  T~^,  with  the  exponent,  p, 
in  the  range  between  4.3  and  4.5. 

This  work  was  mainly  carried  out  on  a  grant  from  the  SRC.  However,  the  techniques 
used  will  be  similar  to  those  that  we  intend  to  employ  for  the  electron  heating  work  that 
is  proposed  in  the  next  section.  We  undertake  this  resezurch  in  order  to  understand  the 
electron  phonon  scattering  time  in  the  dirty  limit  in  metals  whose  phonon  dimensionality 
will  be  reduced  below  3D  by  confinement. 

D.  Apparatus 

There  are  three  cryostats  which  are  currently  available  for  this  project.  Two  are 
dedicated  for  transport  measurements,  while  the  third  is  a  dilution  refrigerator  cryostat 
which  available  essentially  on  demand  for  very  low  temperature  work. 

The  first  cryostat  is  a  simple  pumped  pot  apparatus  which  can  be  used  either  in  a 
storage  dewar  or  inserted  in  a  relatively  small  research  dewar  which  is  equipped  with  a  7T 
superconducting  magnet.  In  practice,  we  typically  use  the  research  dewar  since  it  gives 
longer  run  times.  The  apparatus  particularly  allows  us  very  fast  cycle  times  and  is  used 
to  take  data  at  temperatures  up  to  20K.  The  lowest  temperature  accessible  is  ~  1.15K. 

A  new  apparatus  which  has  been  completed  recently  has  a  continuously  filled  ®He  pot 
and  IK  pot.  This  is  a  more  complex  cryostat  which  permits  a  greater  degree  of  flexibility, 
particularly  useful  in  measurements  on  superconductors  down  to  0.35K.  It  is  equipped 
with  a  RF  SQUID  for  use  in  low  noise  measurements,  and  with  a  low  field  magnet  which 
is  needed  for  magnetoresistamce  studies.  A  larger  experimental  volume  and  better  wiring 
with  nearly  the  same  cycling  time  for  cool-downs  mean  that  this  cryostat  will  be  used  most 
frequently  in  the  near  future 

Finally,  we  have  almost  continual  access  to  a  top  loading  dilution  refrigerator,  which  is 
particularly  useful  for  studies  of  low  temperature  log  T  resistivity  behavior  in  thin  samples. 
Here  the  cycle  time  is  relatively  short,  but  the  top  loading  feature  limits  the  size  of  the 
samples  and  the  number  of  leads  available  to  monitor  the  sample.  Experiments  can  also  be 
mounted  in  the  large  space  below  the  mixing  chamber,  but  as  yet  no  magnet  is  available 
for  this  region. 

The  experiments  have  been  typically  mounted  on  a  T05  pattern  transistor  mount, 
which  is  machined  from  copper  so  as  to  avoid  magnetic  materials  present  in  commercial 
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holders.  The  T05  package  can  be  dismounted  and  remounted  by  push  pins  with  no  further 
handling  for  cool  down  on  the  top  loading  cryostat  <ls  well  as  on  the  smaller  apparatus. 
In  view  of  some  of  the  experiments  that  we  will  be  undertaking,  we  will  likely  have  to 
modify  the  ^lrrangements  available  on  the  top  loading  apparatus  to  accommodate  at  least 
two  extra  leads.  There  is  of  course  no  practical  limit  on  the  leads  on  the  ^He  cryostat. 

Data  acquisition  and  temperature  control  is  performed  by  two  on-line  PDF  11-73  com¬ 
puters  which  we  use  on  the  different  cryostats.  Most  of  the  thermometry  used  relies  on 
calibrated  Germanium  and  Carbon  Glass  resistors  which  are  monitored  by  a  four  wire  re¬ 
sistance  bridge.  The  magnetoresistance  and  localization  data  aure  obtained  using  four  wire 
bridges  (Linear  Research  LR  400).  However,  some  of  the  measurements  of  the  thin  film  and 
wire  samples  show  evidence  for  heating  due  to  the  excitation  levels  in  these  bridges.  We 
are  currently  working  on  a  version  of  the  “Anderson”  bridge  [  Anderson,  1972,  Richardson 
A:  Smith,  1987]  to  allow  us  to  read  out  the  resistance  using  a  low  noise  lock-in  amplifier  in 
conjunction  with  a  low  noise  AC  current  source  and  nulling  ratio  transformer.  The  suc¬ 
cessful  implementation  of  this  bridge  should  allow  us  to  lower  the  self  heating  by  a  factor 
of  100. 
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